Biofilms are complex aggregation of cells that are embedded in EPS matrix. These microcolonies are highly resistant to drugs and are associated with various diseases. Biofilms have greatly affected the food safety by causing severe losses due to food contamination and spoilage. Therefore, novel antibiofilm agents are needed. This study investigates the antibiofilm and protein binding activity of zinc nanoparticles (ZnNPs) synthesized from leaf extract of Ochradenus baccatus. Standard physical techniques, including UVvisible spectroscopy Fourier transform infrared spectroscopy and X-ray diffraction and transmission electron microscopy, were used to characterize the synthesized OB-ZnNPs. Synthesized OB-ZnNPs demonstrated significant biofilm inhibition in human and food-borne pathogens (Chromobacterium violaceum, Escherichia coli, P. aeruginosa, Klebsiella pneumoniae, Serratia marcescens, and Listeria monocytogenes) at subinhibitory concentrations. OB-ZnNPs significantly reduced the virulence factors like violacein, prodigiosin, and alginate and impaired swarming migration and EPS production. OB-ZnNPs demonstrated efficient binding with HSA protein and no change in their structure or stability was observed. In addition, in vivo toxicity evaluation confirmed that OBZnNPs possessed no serious toxic effect even at higher doses. Moreover, they were found to have excellent antioxidant properties that can be employed in the fields of food safety and medicine. Hence, it is envisaged that the OB-ZnNPs can be used as potential nanomaterials to combat drug resistant bacterial infections and prevent contamination/spoilage of food.
Introduction
Biofilms are a complex aggregation of bacteria that colonize and are found embedded, in self-secreted exopolysaccharide (EPS) matrix, which contains polysaccharides, proteins, lipids, and nucleic acids. Biofilms are more resistant to antibiotics as compared to their planktonic forms [1] . Apart from making the inhabitants more resistant, biofilms also increase retention of water and nutrients and absorption of nutrients, protect against host immune responses, and facilitate horizontal gene transfer. Biofilm inhabitants demonstrate multicellular behavior similar to higher multicellular organisms [2] . Implications of biofilm formation in medical field are well known, as it is associated with various diseases, infections caused by medical devices and nosocomial infections [3, 4] . Biofilms have also become problematic in the food industries, including brewing [5] , seafood processing [6] , dairy processing [7] , poultry processing [8] , and meat processing [9] leading to food safety issues by causing spoilage and contamination of food and food contact materials. There is an urgent need to find nontoxic, stable antibiofilm agents to improve public health and minimize economic losses.
Advent of nanotechnology has made nanomaterials as an effective alternative antimicrobial strategy to treat drugresistant infections [10] . Particles with less than 100 nm in size are termed as nanoparticles (NPs) and their potent biocidal properties are attributed to their small size and high surfaceto-volume ratio [11, 12] . In addition, stability of metal and metal oxides than organic compounds make them better antimicrobial agents [13, 14] . Among metal oxides, ZnO has attracted attention as antibacterial agent and ZnO nanoparticles (ZnO-NPs) are known to exhibit broad-spectrum antibacterial activity and can reduce the attachment and viability of microbes [15, 16] . Further, it is well established that the nanoparticles, after entry into the host system interact with biomolecules like proteins, lipids, and nucleic acids. Therefore, the effects of NPs are combined actions of nanoparticleprotein "corona" rather than nanoparticle alone [17] . Therefore, understanding of protein NPs interaction is very important for its future applications in medical and food industry [18, 19] However, minimal work has been carried out to synthesize nontoxic ZnO nanoparticles and study their interactions with proteins and effects on biofilm formed by human and foodborne pathogens.
Green synthesis of NPs using plants is preferred over other chemical and physical methods as it is cost-effective, ecofriendly, and safe for human therapeutic use [20] and can be utilized for large-scale NPs synthesis [21] . ZnO nanoparticles (ZnONPs) from plants have been synthesized using green chemistry approaches by several workers [22] [23] [24] .
Ochradenus baccatus Del. belongs to family Resedaceae and is widely distributed in South-West and central regions of Saudi Arabia. O. baccatus (Del.) is a shrub and is very important medicinally as it contains high contents of antioxidants and anti-inflammatory agents [25] . Leaves of Ochradenus baccatus have been used in the treatment of microbial infections, diphtheria, ganglions, and allergies [26] .
In this study, aqueous leaf extract of Ochradenus baccatus was used as reducing, capping, and stabilizing agent for the formation of zinc oxide nanoparticles (OB-ZnNPs). These nanoparticles were investigated for their ability to inhibit biofilm formed by bacterial pathogens. We also assessed its effect on the production of virulence factors like exopolysaccharide production, and motility associated with biofilm formation in the test pathogens. Further, the biofabricated OBZnNPs were examined for their protein (HSA) binding and toxicity studies were also performed in vivo. In our knowledge, this is probably the first report on the synthesis of nontoxic zinc oxide nanoparticles from the leaves of Ochradenus baccatus and characterization of their antibiofilm and protein binding properties.
Material Methods

Bacterial Strains.
The bacterial strains used in this study included Chromobacterium violaceum ATCC 12472, Escherichia coli ATCC 25922, P. aeruginosa PAO1, Klebsiella pneumoniae ATCC 700603, Serratia marcescens ATCC 13880, and Listeria monocytogenes (laboratory strain). All bacterial strains were cultivated on Luria-Bertani (LB) medium and maintained at 37 ∘ C, except C. violaceum and S. marcescens, for which the temperature was 30 ∘ C.
Preparation of Ochradenus baccatus (OB) Seed Extract.
Ochradenus baccatus leaves were collected and washed several times with distilled water to remove the dust particles and then sun-dried to remove the residual moisture. Leaf extract was prepared by crushing leaves in a grinder and the resultant powder (10 g) was homogenized completely in 50 ml doubledistilled water and incubated with constant stirring (100 rpm) at 80 ∘ C for 20 min. The resultant mixture was then filtered using Whatman filter papers No. 1 to remove debris. This extract was used for generating green zinc nanoparticles.
Zinc Nanoparticle Synthesis.
All the reagents involved in the experiments were of analytical grade purity and utilized as received without further purification. Zinc nitrate (99.999%) was purchased from Sigma-Aldrich. The synthesis was carried out in a domestic microwave oven (Samsung, 750 W). We followed the method described by Al-Shabib et al. (2016); briefly, 0.05 M aqueous solution of zinc nitrate in 100 ml distilled water was prepared in which 10 ml O. baccatus leaf extract was added to obtain a mixture solution in a round-bottom flask and then put into a domestic microwave oven. Microwave irradiation proceeded at 100% power for 20 min. After microwave processing, the solution was cooled to room temperature. The resulting precipitate was separated by centrifugation, then washed with deionized water and absolute ethanol several times, and dried in an oven at 80 ∘ C for 24 h. Finally, the product was calcined at 800 ∘ C for 2 h [24] .
UV-Visible Spectroscopy.
The UV-visible spectral analysis was performed by using UV-Vis spectrophotometer (UV5704S from Electronics, India Ltd.) for surface plasmon resonance. The absorbance spectra was recorded in the range of 250-800 nm at room temperature in 1 cm path length quartz cuvettes. Double distilled water was used as reference to correct the background absorption.
X-Ray Diffraction.
The XRD of synthesized OB-ZnNPs nanoparticles were obtained using MiniFlex II benchtop XRD system (Rigaku Corporation, Tokyo, Japan). The diffraction pattern was acquired by CuK radiation ( = 1.54Å) at 30 mA current and operating at 40 kV. The angle of direction (2 ) data was recorded in the range of 20 ∘ -80 ∘ . Average crystalline size was calculated by Debye-Scherrer's equation:
where is average crystal size of nanoparticle, is full width at half maximum of the diffraction peak, is wavelength of X-ray source used (1.54060Å), and is constant of DebyeScherer equation with value ranging from 0.9 to 1.0 [27] . 
Fourier Transform Infrared Spectroscopy (FTIR
Scanning Electron Microscopy and EDX.
Scanning electron micrographs of ZnO nanoparticles were obtained using JSM 6510LV scanning electron microscope (JEOL, Tokyo, Japan) equipped with Oxford Instruments INCAx-sight EDAX spectrometer to carry out analysis of constituting elements. The electron beams were accelerated at 15 kV. Images were obtained at 2500-35000x magnification.
Transmission Electron Microscopy (TEM).
Transmission electron microscopy was done using EOL 100/120 kV TEM (JEOL, Tokyo, Japan). Aqueous suspension of ZnO nanoparticles was made in double distilled water followed by sonication at 30% amplitude for 15 min. About 10 l of the suspension was transferred to TEM grid for analysis and excess amount of suspension was removed by soft filter paper. The grid was then allowed to dry at 80 ∘ for 6 h. Imaging was done at 200 kV in the magnification range of 300000-100000x magnification. 
Determination of Minimal
Violacein Inhibition Assay.
Violacein production by C. violaceum (CV12472) in presence of OB-ZnNPs was studied using method of Blosser and Gray [29] . Briefly, CV12472 culture in the absence and presence of sub-MICs of OBZnNPs was grown overnight. 1 ml culture from each flask was centrifuged at 13000 ×g for 10 min and the pellet was dissolved in 1 ml DMSO. The solution was vortexed vigorously for 30 seconds to completely solubilize violacein and again centrifuged. Absorbance of the soluble violacein was read at 585 nm using microplate reader (Thermo Scientific, Multiskan Ex, India). Reduction in violacein production in the presence of mango extracts was measured in terms of % inhibition as [(OD of control − OD of treated)/OD of control] × 100.
Alginate Inhibition in PAO1.
Overnight culture of P. aeruginosa (1%) was added to Luria-Bertani broth medium supplemented with or without OB-ZnNPs (25-200 g/ml) and incubated overnight at 37 ∘ C under shaking. After incubation alginate production was estimated as described by Gopu et al. [30] . Briefly, 70 l of test sample was mixed with 600 l of boric acid-sulphuric acid solution (4 : 1) in an ice bath. The mixture was vortexed for 10 seconds and placed back again in ice bath. 20 l of 0.2% carbazole dissolved in ethanol was added to the above mixture and vortexed for 10 s. The mixture was incubated for 30 min at 55 ∘ C and quantification was done at 530 nm using a microplate reader.
Prodigiosin Inhibition in S. marcescens.
Prodigiosin production in S. marcescens was assayed using the method of Morohoshi et al. [31] . Briefly, 1% of S. marcescens cells (0.4 OD at 600 nm) were inoculated into 2 ml of fresh LB medium and incubated with and without sub-MICs of OB-ZnNPs (25-100 g/ml). Late stationary phase cultures were collected and centrifuged at 10,000 rpm for 10 min. Prodigiosin from the cell pellet was extracted with acidified ethanol solution (4% 1 M HCl in ethanol) and absorbance was read at 534 nm using a UV-visible spectrophotometer.
Swarming Motility Assay.
Swarming motility of the test pathogens was determined by the method of Husain and Ahmad [32] . Briefly, overnight cultures of test pathogens were point inoculated at the center of the 0.5% Luria-Bertani agar medium with or without sub-MICs of synthesized OBZnNPs.
Extraction and Quantification of Exopolysaccharide (EPS). Test pathogens (P. aeruginosa, E. coli, L. monocytogenes, S. marcescens, and C. violaceum) grown in the presence
and absence of sub-MICs of OB-ZnNPs were centrifuged and supernatant was filtered. Three volumes of chilled ethanol (100%) were added to the resultant supernatant and incubated overnight at 4 ∘ C to precipitate EPS [33] . EPS was then quantified by measuring sugars following the method of Dubois et al. [34] .
Assay for Biofilm Inhibition.
Polyvinyl chloride microtiter plate assay was adopted to study the effect of OB-ZnNPs on biofilm formation of the test pathogens [35] . Briefly, overnight cultures of test pathogens were resuspended in fresh LB medium in the presence and the absence of OBZnNPs and incubated at 30 ∘ C for 24 h. The biofilms in the microtiter plates were stained with a crystal violet solution and quantified by solubilizing the dye in ethanol and measuring the absorbance at OD 470 .
Protein (HSA) Binding Studies with OB-ZnNPs
Binding of OB-ZnNPs to Human Serum Albumin:
Tryptophan Fluorescence Analysis. Tryptophan fluorescence analysis of HSA in the absence and presence of NPs was measured according to previously mentioned procedure [36, 37] with minor modifications. Briefly, intrinsic fluorescence measurement of HSA (2 M) was performed by titration with NPs (0-1 mg/ml) on a Jasco FP-750 fluorescence spectrophotometer at 25 ∘ C. The excitation wavelength was set as 295 nm and the emission spectra obtained were in the wavelength range of 300-400 nm. The excitation and emission slit widths were set as 5 nm. Respective blanks were subtracted; inner filter contribution was minimal and was less than 3%.
Stability of HSA in the Presence of NPs: Circular Dichroism Analysis.
NPs induced secondary structural changes in HSA were measured by circular dichroism (CD) spectroscopy technique. Far UV-CD spectra of HSA (0.2 mg/ml) in the absence and presence of various concentrations of NPs (0.4 and 1 mg/ml) were recorded [38] . The samples were scanned from 200 to 250 nm three times, and the obtained data was averaged.
Nanoparticles-HSA Interaction:
Hydrophobicity Measurement. 8-Anilinonaphthalene-1-sulfonic acid (ANS) is a frequently used extrinsic fluorophore having the propensity to interact with the exposed hydrophobic patches and is used for the determination of surface hydrophobicity in proteins. ANS fluorescence measurement of HSA (2 M) incubated in the absence and presence of NPs (0-1 mg/ml) was performed on Jasco FP-750 spectrofluorometer. The excitation wavelength for ANS fluorescence measurements was set at 380 nm and emission spectra were recorded in the wavelength range of 400-600 nm. Both excitation and emission slits were set at 5 nm. Prior to measurements, aliquots were incubated at room temperature with 50-fold molar excess of ANS for 30 min in the dark [39] .
Toxicity Studies
Animal Treatment Strategy.
Twenty-four adult Swiss albino male adult mice (48-50 g, 6 months old) were bought from the central animal house, Department of Pharmacy, King Saud University, Riyadh, KSA. They were kept and treated under hygienic conditions maintained with 25 ± 5 ∘ C with 12 h day : night cycle as per the institutional guidelines. The animals were acclimatized for 10 days before beginning the treatment on standard pellet mice diet and fresh drinking water ad libitum. All the animals were randomly divided into four groups: control (normal without any treatment) named CN−, control positive (CN+), and CCl4 treated (single dose of 1 mL/kg in liquid paraffin in ratio of 1 : 1 by volume). The zinc nanoparticles were administered four times (once a week) at the dose of 2 mg/kg and 4 mg/kg of body weight denoted by OB-ZnNPs and OB-ZnNPs' , respectively. All the doses were given by intraperitoneal mode using 1 ml insulin syringe. Carbon tetrachloride (CCl4), an established hepatotoxicant, was chosen as positive control for liver damage [40] . In the present study, dose and the duration of treatment were chosen to investigate if the nanoparticles induced any toxicity in the animals after repeated dose or not. After the treatment, all the animals were sacrificed on the same day under light ether anesthesia. Their livers and blood (with anticoagulant) were stored at −20 ∘ C until analysis.
Preparation of Samples.
The serum was collected after centrifugation of blood samples at 1000 ×g for 10 min. The liver samples were homogenized separately at 3000 ×g in trisHCl buffer (pH 7.36, 0.1 M) from which their supernatants were collected for biochemical assays and estimations.
Assay of Superoxide Dismutase (SOD) and Reduced Glutathione (GSH).
The specific activity of SOD was assayed by autoxidation of pyrogallol in tris-succinate buffer by the method of S. Marklund and G. Marklund [41] . The level of GSH was estimated by method of Jollow et al. [42] based on DTNB reagent.
Estimation of Lipid Peroxidation.
The lipid peroxidation was estimated by the method of Buege and Aust [43] involving the measurement of total malondialdehyde (MDA) based on reaction with TCA and TBA.
Estimation of SGOT and SGPT as Liver Function Markers.
The activity of serum glutamate pyruvate transferase (SGPT) and serum glutamate oxaloacetate transferase (GOT) in the serum was assayed by commercially available estimation kits (Linear or QCA, Spain).
Statistical Analysis.
All microbiological studies were performed in triplicate and the data obtained from experiments were presented, as mean values, and the difference between control and test was analysed using Student's -test. All the data for the toxicity studies have been expressed as mean ± standard error of mean (SEM) for 6 different preparations in duplicate. Their statistical significance was evaluated by one-way ANOVA followed by Tuckey's method based software (Graph Pad prism 5). The treatment and the experiments were repeated twice to check the reproducibility of the results.
Results and Discussion
UV-Visible Spectral Analysis. The reducing ability of
Ochradenus baccatus aqueous extract was evaluated for the synthesis of Zn nanoparticles. The UV-visible spectra of microwave assisted synthesis of ZnO nanoparticles are shown in Figure 1(a) . The colour of reaction mixture, that is, 10 ml of Ochradenus baccatus aqueous extract and 100 ml of 0.05 mM zinc nitrate, was initially yellowish brown. When the reaction mixture was allowed for radiation in microwave for 20 min at 100% power, the colour of solution changed to off-white.
Journal of Nanomaterials Change in colour and absorption spectra with max at 385 nm is considered as the preliminary characterization for synthesis of ZnO nanoparticles which is due to the reduction of Zn
2+
ions. Similar result has been reported for synthesis of ZnO nanoparticles with characteristic peak around 372 nm [44] . ZnO nanoparticles synthesized for the leaf extract of Aloe barbadensis showed the absorption maxima in the range of 358-375, due to surface plasmon resonance [22] .
X-Ray Diffraction.
The XRD analysis was carried out for the determination of average article of ZnO nanoparticles. Figure 1( particle's size calculation. The average particle size was found to be 16.02 nm which was determined using Debye-Scherrer's equation.
Fourier Transform Infrared Spectroscopy (FTIR).
FTIR analysis was carried out to evaluate the presence of various phytochemicals responsible for the synthesis as well as stabilization of ZnO nanoparticles (Figure 1(c) ). The appearance of peak around 521 cm −1 is characteristic of hexagonal phase vibrations of ZnO nanoparticles [4] . Broad peak approximately at 3441 cm −1 is attributed to the vibrations of -OH group of phenols that might have acted as one of the capping agents of ZnO nanoparticles [5] . Another transmittance maxima around 1652 cm −1 were due to vibrations of primary amide of proteins. A short peak at 1085 cm −1 might be due to stretching of primary alcohols {R-CH 2 -OH (1 ∘ )}. Thus, FTIR Journal of Nanomaterials analysis indicates that various phytoconstituents present in Ochradenus baccatus extract such as phenols, enzymes, proteins, and alcohols would have been responsible for synthesis and stabilization of ZnO nanoparticles. The capping of ZnO nanoparticles by these phytochemicals resulted in formation of protein corona that enhances its dispensability and ultimately lowers the agglomeration rate in aqueous medium. In addition to the above-mentioned phytocompounds, free amino and carboxylic groups have also been reported for their role in the stabilization of ZnO nanoparticles [22] .
SEM and EDX Analysis. Scanning electron microscopy is one of the most routinely used techniques for the identification of shape of nanoparticles. Figures 2(a) and 2(b)
show the scanning electron micrograph (SEM) of ZnO nanoparticles at 15000x and 35000x magnifications at 15 and 20 kV, respectively. It is evident from the surface scanning that the nanoparticles were predominantly found to be spherical and oval in shape. Although the particle size is not determined by SEM but it can be visualized that the nanoparticles are <100 nm. Figure 2 (c) shows EDX pattern in which the highest elemental weight percent detected was of zinc with 62.0%. From Figure 2(d) , oxygen, carbon, and sulphur were found to be 13.47, 23.37, and 1.16%, respectively. Nanoparticles with similar morphology from Aloe barbadensis [22] and Nigella sativa [24] have been reported. Figure 2 (e) at 30000x and 100000x magnification, respectively. The nanoparticle's micrograph shows that there was variation in shape and size of nanoparticles. The two-dimensional geometry of nanoparticles was found to be circular, elliptical, and somewhat hexagonal or irregular. The particles size is less than 50 nm and is consistent with the results of XRD.
Transmission Electron Microscopy. TEM images of ZnO nanoparticles are illustrated in
Minimum Inhibitory Concentration. Minimum inhibitory concentrations (MIC) of OB-ZnNPs
were assessed for all test pathogens and the results are summarized in Table 1 . Concentrations below MIC, that is, sub-MICs, were considered for all assays. Figure 3(a) . The sub-MICs of OB-ZnNPs exhibited concentration-dependent inhibitory activity and all tested concentrations of OB-ZnNPs led to a statistically significant ( ≤ 0.05) reduction in violacein production of C. violaceum compared to that of the untreated control. Our findings on violacein inhibition are in accordance with reports with silver nanowires [45] and zinc oxide nanostructures synthesized from the seed extract of Nigella sativa [24] .
Violacein Inhibition Assay in C. violaceum 12472. The result of the violacein assay is shown in
Inhibition of Alginate Production in P. aeruginosa PAO1.
Alginate is a major constituent of the EPS of PAO1 biofilm; the effect of sub-MICs of OB-ZnNPs was studied for its efficacy to reduce the production of alginate. The obtained results showed that the alginate production was reduced significantly with increasing concentration of the synthesized zinc nanoparticles. At concentrations ranging 25-200 g/ml, OBZnNPs inhibited alginate production by 34-74% in PAO1 (Figure 3(b) ). The concentration-dependent inhibition of alginate by sub-MICs of OB-ZnNPs depicted in Figure 3 (b) is an important finding as alginate confers resistance to the pathogens against antimicrobial agents. Inhibition of alginate production would reduce the rate of resistance among bacteria and make them susceptible to the drugs. Previously, mycofabricated biosilver nanoparticles have been shown to inhibit alginate production in P. aeruginosa [46] .
Effect on Prodigiosin Production of S. marcescens.
Dose-dependent decrease in the production of prodigiosin by S. marcescens was recorded at the sub-MICs ranging from 6.25-50 g/ml. Though the inhibition was statistically insignificant at lower concentrations (6.25 and 12.5 g/ml) but at higher concentrations, that is, 25 and 50 g/ml significant ( ≤ 0.05) reduction of 55 and 60%, respectively, was recorded ( Figure 3(c) ). Prodigiosin is considered as a major virulence factor of the S. marcescens and is quorum sensing regulated [31] . Hence, inhibition of prodigiosin will reduce the pathogenicity of S. marcescens. Prodigiosin inhibition is previously reported with natural products [47] and bacterial supernatant [48] but this is probably the first report on zinc nanoparticle impairing prodigiosin production in S. marcescens.
Biofilm Inhibition by OB-ZnNPs.
In the present study, subinhibitory concentrations (1/16 × MIC-1/2 × MIC) of OBZnNPs were tested against biofilm formation of six human and foodborne bacterial pathogens, namely, P. aeruginosa (Figure 4) . Formation of biofilm not only plays an important role in the pathogenesis but also is responsible for food contamination and spoilage. Biofilm development is often regulated by signal-mediated quorum sensing phenomenon [49] . Cells residing in biofilm are more than 1000 times more resistant to their planktonic forms. Therefore, biofilm poses a great threat to the current drug therapy. The result of biofilm biomass assay in the current investigation indicated reduced production of biofilm biomass in test pathogens when treated with OB-ZnNPs (Figure 4) . Our results are agreement with previously published report of Kalishwaralal et al. [50] , wherein biologically synthesized Ag nanoparticle (NPs) showed an antibiofilm activity against P. aeruginosa and S. epidermis. In an another study, Al-Shabib et al. [24] demonstrated broad-spectrum biofilm inhibition in P. aeruginosa PAO1, E. coli 25922, L. monocytogenes, and C. violaceum 12472 after treatment with sublethal doses of zinc nanostructures synthesized from the seed extract of Nigella sativa.
Inhibition of EPS and Swarming
Motility. Exopolysaccharides (EPS) maintain biofilm architecture and microcolony formation [51] . In addition, EPS acts as a protective barrier and confers resistance to pathogens by preventing the entry of antibiotics into bacterial cells [52] . Further, increased EPS secretion means increased resistance to antimicrobials due to altered biofilm architecture [53] . Hence, inhibition of EPS production will expose biofilms cells and thus help in the eradication of biofilm. Owing to this positive correlation between biofilm formation and EPS production, an attempt was made to assess the effect of OB-ZnNPs on EPS production by test pathogens. EPS extracted from OB-ZnNPs treated and untreated cultures of test pathogens was spectrometrically analysed. EPS production in all pathogens decreased with increasing concentration of OB-ZnNPs ( Figure 5(a) ). OB-ZnNPs at highest sub-MICs of 200, 50, 100, 200, and 50 g/ml exhibited 81, 69, 67, 59, and 68% decrease in EPS production in P. aeruginosa PAO1, E. coli, L. monocytogenes, K. pneumoniae, and S. marcescens, respectively. At lower concentrations also, significant reduction in EPS production was recorded for all pathogens ( Figure 5(a) ). Hsueh et al. [54] have observed 92% reduced production of EPS by P. aeruginosa upon treatment with 100 ng/ml concentration of copper oxide nanoparticles. LewisOscar et al. [55] also reported significant reduction of EPS produced by zinc oxide nanoparticle treated Bacillus subtilis strains.
Swarming motility of bacteria is also considered to be an important virulence factor, as it helps to initiate the attachment of bacterial cells to the surface [56] . Therefore, any interference with the swarming motility is bound to effect * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * Figure S1 ). Results obtained in the present study are comparable to the decrease in swarming motility reported in recent studies for mycofabricated silver nanoparticles [46] , Ag nanoparticles synthesized from Sargassum polyphyllum [57] , and green zinc oxide nanostructures [24] .
3.12. HSA Binding Studies. The quenching in Trp fluorescence of HSA has been widely used to determine the mechanism by which a ligand interacts with HSA. In the present study, a progressive decrease in the fluorescence intensity (85%) of HSA upon NP binding was observed. The results suggested a perturbation in the microenvironment of Trp-214 which became less hydrophobic due to the binding of NP (Figure 6(a) ). A change in far UV-CD spectra is generally followed to monitor any change in the secondary structure of the proteins. The far-UV spectra of HSA in the absence of OB-ZnNPs showed characteristic negative bands at 208 nm and 222 nm. Upon binding at 0.4 mg/ml concentration, a marginal decrease in the far-UV CD spectra of HSA was observed, suggesting a partial loss in the secondary structure of HSA. However, as the concentration of NP was increased to 1 mg/ml, the overall secondary structure of HSA also increased, thereby indicating a gain in the stability of the protein (Figure 6(b) ). The imparted stability of the protein might be due to preferential exclusion of NPs from the surface of HSA. The results clearly suggested that the stability of secondary structure of HSA in the presence of OB-ZnNPs is concentrationdependent.
ANS dye is commonly used to map the hydrophobic patches of a protein exposed to the solvent. The results indicate that OB-ZnNPs binding to HSA induced a marginal decrease in the overall hydrophobicity of the protein (Figure 6(c) ). These results are in good agreement with the results of Trp fluorescence which suggested that the microenvironment of Trp-214 became less hydrophobic upon NP binding.
In Vivo Toxicity Studies
Effect on Liver Function Tests (LFT).
SGOT and SGPT are chief markers for toxic burden on liver. In the present study, SGOT was found elevated by 119.42% in the positive control (CCl4 treated animals) as compared to the control. However, OB-ZnNPs and OB-ZnNPs' groups showed increase in its activity by 10.14% and 18.91% with respect to the control (Figure 7(a) ). SGPT activity enhanced in CN+ by 89.46% while it increased in OB-ZnNPs and OB-ZnNPs' groups by 3.32% and 5.62% and this is statistically insignificant as compared to the control (Figure 7(b) ).
Effect on MDA Levels.
The CN+ group demonstrated elevation in MDA level by staggering 221.35% while OBZnNPs and OB-ZnNPs' showed merely 2.2% and 9.15% increase as compared to the control, CN−, group (Figure 7(c) ).
Effect on Antioxidant Parameters.
In the present study, SOD and GSH were chosen as antioxidant markers to assess stress level in the animals after the treatment with test nanoparticles. The CN+ group showed compromise by 66.35% and 64.34% in the activity of SOD and the level of GSH, respectively. OB-ZnNPs and OB-ZnNPs' groups exhibited decrease in SOD activity by 1.80% and 8.30% while GSH levels declined by 7.60% and 15.12% as compared to the control. This reduction was found to be statistically insignificant (Figure 7(d) ).
In the present study, we were interested to know if the newly synthesized zinc oxide nanoparticles pose any toxic insults in vivo or to check its suitability for usage as drug or drug adjuvant. For this we chose CCl 4 as positive control which is an established hepatotoxicant in many previous investigations [58, 59] . From the in vivo results, it is evident that CCl4 caused severe toxicity in the parameters to assess liver health status based on significantly enhanced LFTs and MDA level concomitant with highly compromised activity of SOD and GSH. As compared to CCl4, both experimental groups, OB-ZnNPs and OB-ZnNPs' , showed minor toxicity in vivo ( Figure S2 ).
LFTs and MDA levels in the OB-ZnNPs and OB-ZnNPs' groups were slightly elevated while GSH level and SOD activity were quite comparable to the control (CN−). However, the minor toxicity was observed in OB-ZnNPs' group as the dose of nanoparticles was higher than that in OB-ZnNPs group. Interestingly, OB-ZnNPs group showed all the toxicity assessing parameters quite comparable to CN−. It entails that the dose of 2 mg/kg of the nanoparticles is well tolerated in the rodent system. It also suggests that the particles at this dose can be used as adjuvant with established or new drugs.
It is well established that zinc is an important trace element for all biological systems as it is involved in various biochemical and metabolic functions including copper zinc superoxide dismutase, digestion and absorption of food, hormonal homeostasis, immunity, general growth, and development [40, 60] . In the present work, it seems that the green synthesized nanoparticles improve SOD activity and assist in absorption and digestion of the food in the treated animals. That might also improve the GSH level. Our study is well supported by earlier work done by Choi et al. [61] who showed that the zinc nanoparticles are quite tolerable at higher doses in animals. These particles hence possessed no serious toxic effect at the dose 2 mg/kg and can be used in further animal model studies for the improvement of established drugs. However, further studies are required to know the exact mechanism of action of these particles.
The findings of the current investigation highlight the broad-spectrum antibiofilm and antivirulence properties of synthesized OB-ZnNPs against human and food-borne bacterial pathogens. Efficient binding with HSA protein without changing the structure and stability augurs well for future use. Moreover, the nontoxic nature of these biofilm inhibiting nanoparticles present a possibility for use as potential nanomaterials to combat drug resistant bacterial infections and prevent contamination/spoilage of food. Exact molecular mechanism of action for these nanoparticles still needs to be unearthed.
Conflicts of Interest
The authors declare that they have no conflicts of interest.
Supplementary Materials
Supplementary material for this article includes figures for swarming motility inhibition and histopathology studies. 
